INTRODUCTION
Little is known about the very first events occumng just behind the shock front during shock-induced initiation of condensed phase explosives. Because typical velocities for initiating shock waves are on the order of 3-6 km/s, and 1 kmJs = 1 nm/ps, material within 100 ps of the shock front is present in a very thin layer whose thickness is a few hundred nanometers. In this paper, I will discuss theoretical models and experimental measurements of condensed matter molecular dynamics in this layer. Both the theoretical and experimental investigations face daunting obstacles. To develop an adequate theory, one has to know much about the detailed microscopic dynamics of rather large and complicated molecules under harsh, extreme conditions which are evolving on the picosecond or even femtosecond time scales. To investigate these phenomena experimentally, one needs to use spectroscopic techniques with good time resolution, which is straightforward today, but one must also combine extremely high spatial resolution, ideally much better than a wavelength of visible light.
In this paper, I will concentrate on the problem of molecular mechanical energy transfer behind the shock front 111. As shown in Fig. 1 , in the long term a shock wave produces a jump in the temperature and pressure. But in the short term, the molecules just behind the shock front are far from mechanical and thermal equilibrium [1,2]. The motivation for studying picosecond dynamics behind a shock front is to learn more about the behavior of molecules far from equilibrium, to relate this behavior to the sensitivity of energetic materials to shock excitation, and to attempt to develop a detailed picture of the first few nanoseconds of the initiation process. The findamental idea is that shock waves do not instantaneously produce Boltzmann equilibrium. Instead the shock front preferentially excites phonons (see Fig. 2 ). Subsequently these phonons excite intramolecular vibrations by the processtermed muZfiphonon up-pumping [1, 3] . The vibrational states must be excited before thermochemical reactions can occur [I] . Immediately phonon (external) vibration (internal) behind the shock front is a thin layer excitation excitation which is ~honon-rich and vibration- Figure 2 . The shock first excites phonons, which are states which starved. Arrhenius kinetics are not couple efficiently to volume perturbations. Molecular vibrations valid in this up-pumping zone (Fig. are excited later by multiphonon up-pumping. lb). The up-pumping problem is handled using a simplification termed the quasitemperature model [I] . In this model, the phonon excitation level is characterized by a time-dependent phonon quasitemperature 8,(t), and the vibrational excitation by a time-dependent vibrational quasitemperature 8,ib(t).
The details of this model have been described in two recent publications [I] , so only the basic elements are instantaneous zero-time value of 8,(t) which is much greater than TI. This temporarily massive phonon overheating is a central feature of our model [I] .
Phonons up-pump vibrations via anharmonic coupling [1, 3] . In a large molecule, there are many different pathways for up-pumping, and in order to have a tractable model, we need to know which pathways dominate. Experimental studies of picosecond time scale vibrational energy transfer [4] show the principal mechanism of up-pumping involves the lowest-order or cubic anharmonic coupling. In the cubic coupling mechanism, the lowest energy vibrations, termed doorway states, are excited by simultaneously absorbing two phonons. Subsequently, molecules with excited doorway states can be pumped to higher vibrational levels in many steps, each involving absorption of a single phonon [I] .
By using reasonable values for anharmonic coupling and density of states parameters, we have computed the rate of up-pumping, and the width of the up-pumping zone behind the shock front ( Fig. lb) , as a fbnction of the compression ratio, as shown in Fig. 3 [I] . We estimated the width of this zone to be -100 nm, and the up-pumping time constant to be 30-100 ps [I] .
We have also investigated how energy transfer can affect the sensitivity of energetic materials. There is no a priori reason why up-pumping alone should directly affect sensitivity. With up-pumping there is simply a brief delay time of -100 ps between the passage of the shock front and the onset of activation of the molecular vibrations. Nevertheless, recent calculations by Fried and Ruggerio [5] led them to suggest that the most insensitive energetic materials have the slowest up-pumping processes and the most sensitive materials have the fastest up-pumping. Although that work is still in its early stages, the initial result is certainly intriguing. Two quite different ways in which up-pumping can affect sensitivity have been suggested. L. is a sign that the molecular vibrations are more efficiently coupled to the bath [6] . In Kramer's theory of condensed phase reaction dynamics, there exists a weak-coupling limit where increased coupling to the bath increases the rates of chemical reactions.
Dlott and Fayer proposed that the magnitudes of anharmonic couplings near defect-perturbed domains (DPD) in an imperfect solid might differ from couplings in the bulk [I] . The parameter 5 is the magnitude of the anharmonic coupling enhancement. For DPD's where 5 > 1, the local anharmonic coupling exceeds the bulk coupling. In these DPD's, localized temporary hot spots can be produced. Hot spots are produced because the phonons pump these DPD's faster than they pump the bulk vibrations. Because chemical reactions are highly sensitive to temperature, the reactivity of these hot spots can be much greater than the bulk reactivity. Using chemical reaction rate laws for typical energetic materials, we calculated Fig. 4 . In Fig. 4 , we assumed a 4.7 GPa shock wave. The heating caused by this shock wave causes a bulk reaction probability of -10-lo. This means one molecule in 101° reacts, which is hardly enough to initiate widespread reactions. But just a small amount of anharmonic enhancement, e.g. 5 = 2 in Fig. 4 can cause the defect reaction probability to increase by eight orders of magnitude [I] . have been for studying the anharmonic enhancement factor in the defect-perturbed domain vibrational relaxation and vibrational (DPD). The reaction probability can be increased by orders of cooling in molecular systems, magnitude in DPD's with a small increase in anharmonic coupling. measurements of up-pumping are more problematic. In a vibrational relaxation measurement, a higher energy vibration is excited by a short laser pulse. The decay of energy (or coherence) of this state is then relatively easy to monitor because the laser-induced excitation is far greater than the equilibrium level of excitation [4]. In up-pumping studies, a method must be found for instantaneously producing a huge excess of phonons. The phonon excess must be sufficient to drive a substantial number of the molecule's vibrations to an excitation level which can be readily detected.
We have solved the phonon excitation problem by using a unique molecular dye [7] termed IR-165. This near-IR dye is usehl because: (1) its maximum absorption is near h = 1 pm, which is the wavelength of the most efficient solid state laser systems, Nd:YAG and Nd:YLF; (2) after absorbing a near-IR photon, efficient internal conversion and vibrational cooling processes result in a nearly total conversion of the optical energy into heat on the 4 ps time scale [8] ; and (3) the mechanical energy lost by this dye excites mainly phonons in the surroundings [7, 8] .
In our experiments [9], we dissolved a small amount (-1%) of IR-165 dye in nitromethane 0.
A 1 mJ, 1.053 pm pulse of 75 ps duration pumps the dye, producing a burst of phonons. The pumping process deposits enough energy into a uniformly heated volume to ultimately produce a temperature jump of AT -25 degrees. A visible, 0.527 pm pulse then probes the excited volume. This pulse produces incoherent anti-Stokes Raman emission, which is collected and analyzed with a spectrometer and a photodetector. The anti-Stokes emission from a given vibration is proportional to the instantaneous occupation number of the state. Thus anti-Stokes probing is mode specific, and it allows us to quantitatively measure the change in occupation number A&(t) for a particular NM vibration. For convenience, we mathematically converted this occupation number into a time-dependent vibrational quasitemperature increase AB,(t), using the relation, A&(t) = [exp(tto/kAO,)-1)-'. Figure 5 shows our results on NM [9] .
In our experiments we probed two states of NM, the 657 cm" vibration, which is assigned to a symmetric bending vibration of the NO2 group, and the 918 cm-' vibration, assigned to a C-N stretching motion [9] . The latter vibration is of much interest, since many theoretical models of NM ignition focus on the process of phonon-activation of the C-N stretching vibration, followed by cleavage of the C-N bond.
There are two interesting features in Fig.  5 . The duration of the up-pumping period is about 100 ps, and vibrations are excited sequentially; we observed an -30 ps delay between the excitation of the lower energy vibration and the excitation of the higher energy vibration. This experiment [9] provides the first direct measurement of multiphonon uppumping in high explosives. The results are generally consistent with the theoretical model described in the previous section, namely that uppumping occurs on the -100 ps time scale, and it is the result of phonons first PICOSECOND DYNAMICS BEpumping occurs on the 100 ps time scale. Higher energy HIND THE SHOCK FRONT vibrations become excited later. The y-axis is the increase in There are many technical obstacles to quasitemperature of each vibration. studying picosecond energy transfer dynamics behind a shock front. The principle problems are: (1) generating reproducible solid-state shock waves at a reasonable repetition rate; (2) probing the shocked material with a method which provides detailed information about energy transfer and chemical reactivity, and (3) localizing the probe measurement to a nanometer-scale region behind the front, and accurately synchronizing the measurement to the arrival of the shock front at this layer.
There are many options to deal with problems (1) and (2), but until just recently problem (3) seemed insoluble. The principle obstacle is that time-resolved optical measurements are limited in principle by diffraction to regions of micron thickness, and in practice, depth-of-field considerations and edge effects give even worse spatial resolution. Our novel approach to this problem involves the use of shock target arrays with optical nanogauges. The nanogauge system is shown in Fig. 6 .
In our experiments, a picosecond near-1R pulse produces shock waves at a repetition rate of 10 shocksls, using an exploding confined foil generator developed by workers at the Naval Research Laboratory [lo] . The pulse travels -200 nm nanogauge 6 pm metal n polymer white light float glass rmer buffer
. , pressure plate 0-1 5 pm polymer buffer Figure 6 . Schematic drawing (not to scale) of one element of a shock target array. Rapid expansion of the laser-driven plasma drives a shock wave into the polymer layers. A picosecond whitelight pulse observes the instantaneous absorption spectrum of the optical nanogauge, consisting of a dye in a polymer thin film. through a glass pressure plate, and it is weakly absorbed by a thin metal layer. When the surface of this layer is hot enough to form a strongly absorbing plasma, the remainder of the pulse intensely heats the plasma. Rapid expansion of the plasma drives a shock wave through the metal layer into the sample region [lo] , which is a multilayer polymer thin film [ll] . After traveling a few pm through polymer, the shock front hits the -200 nrn thick optical nanogauge. In our initial experiments [l 11, the nanogauge consisted of an absorbing dye, R6G. Energy transfer in R6G, occurring as a result of the shock excitation, is monitored using a ps-duration white light pulse. This white probe pulse does a double-pass through the nanogauge, reflecting once off the metal layer. The probe is then sent to an optical microscope, or to a multichannel spectrograph. The large-area array target has about lo5 individually adressible shock pixels. A motorized positioner is used to translate the sample through the axis of the laser pulses, so a fresh target region is used for every shot. The details of this technique are reported in ref. 11.
With the microscopy apparatus, we can detect the arrival of the shock wave at the metal-polymer interface, and the arrival of the shock at the optical nanogauge. By knowing the thickness of the polymer buffer layer in Fig. 6 , we accurately determined the shock velocity, which was 5.5 km/s, giving a shock pressure of -15 GPa [ll] . Because the white probe pulse is seeing only effects attributed to the absorption of the R6G dye, we have, by microfabrication of this array, limited the region of observation to a nanometer thick volume. Figure 7 shows an unshifted, and shock-shifted spectrum of R6G, taken with our apparatus [12] . Shock-induced spectroscopy of dye molecules is not new [13] , but there is a critical difference in our experiments: the risetime of the shift is <SO ps, which is several orders of magnitude better than anything observed previously. Besides the shift, there are subtle changes in the red-edge of the optical absorption which can be used to investigate the redistribution of vibrational energy in the dye molecules during shockinduced up-pumping [14] . picosecond time-resolved coherent wavelength (nanometers) Raman scattering @s CARS) can Figure 7 . Spectrum of R6G optical nanogauge, taken using the be used to study the vibrational apparatus in Fig. 6 . The unshifted spectrum was taken a few tens of dynamics and chemical reactions of ps before the shock front reached the nanogauge. The red-shifted colorless materials just behind a spectrum was taken about 100 ps after the front reached the shock front [IS] ,
CONCLUDING REMARKS
We have nanogauge. The red shift is consistent with the -15 GPa pressure of considerable optimism that direct the shock wave. ultrafast time scale measurements of energetic materials behind a shock front will be accomplished in the near future. These measurements promise to open a new window onto the picosecond dynamics behind the shock front, which we believe will be key in understanding the initiation of energetic materials at the molecular level.
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